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In this paper, we discuss the theoretical framework and the experimental measurements
of the magnetic moment of the charm baryons. The Λ+c magnetic moment is particularly
interesting since it is equal to the magnetic moment of the charm quark. The measurements
of the magnetic moments of other charm baryons, such as Ξc, allow to perform detailed
spectroscopy studies. The magnetic moment of the Λc can be determined using radiative
charmonium decay and the present results show a tension with majority of theoretical pre-
dictions. As recently pointed out, the magnetic moment of the charm baryons can be directly
measured using bent-crystal experiments at LHC. The possibility of precisely measure the
magnetic moments of charm baryons needs precise measurement of their polarisation and
weak decay parameters. In this paper, we revisit the formalism of the angular analysis needed
for these measurements and make a detailed evaluation of initial polarisation of deflected Λc
baryons as a function of crystal orientation. We found a special orientation of the crystal
that gives the opportunity to measure the Λc dimensionless electric dipole moment almost
with the same precision as its g-factor, which is more than an order of magnitude more
efficient than suggested before. In conclusion, we stress the importance to perform precise
measurements of initial polarisation and weak decay parameters of Λc baryon to effectively
compare the direct and from decay measurements of magnetic moments.
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I. THE MAGNETIC DIPOLE MOMENT OF CHARMED BARYON
The spin 1/2 particles, such as leptons, proton, quarks, have intrinsic magnetic dipole moment
(MDM), of the form:
µ =
g
2
eQ
2m
(1)
where Q is the electric charge in units of the positron charge e, and m is the mass of a particle1.
Factor g is called gyromagnetic factor, or g-factor, which is 2 at the classical level while the quantum
1 We use natural units where ~ = c = 1.
3effect can modify this value. As this deviation, anomalous MDM κ ≡ (g − 2)/2, comes from the
loop effect, it is known to be sensitive to the contributions from new physics: a heavy particle from
new physics can propagate in the loop.
The MDM of electron and muon are one of the most precisely measured quantities in particle
physics: ge = 2.00231930436182(52), gµ = 2.0023318418(13). The theoretical predictions for these
quantity are also computed at a very high accuracy, e.g. the 5 loop in QED. Intriguingly, a deviation
(3.6σ level as of today) is observed in the muon anomalous MDM, which is one of most significant
hints of new physics observed today.
The proton MDM is also measured very precisely, gp = 5.585694702(17). This value is obtained
by using the proton charge and mass in Eq. (1), i.e. Q = 1 and m = mp. This value being far from
2 is an indication of the proton substructure.
Thus, let us take into account the fact that proton is made of three quarks. Within the quark
model description, the MDM of proton can be computed as a sum of the MDMs of the three
constituent quarks. It is important here to take into account the spin configuration of the three
quarks. As a result one finds
µp =
1
3
(4µu − µd) (2)
where µu,d is the MDM of up and down quarks given as
µq =
gq
2
eQq
2mq
, (3)
where Qq and mq are the electric charge and the mass, and gq is the g-factor of the quark q = (u, d).
In the isospin symmetry limit, mu = md ≡ mq and gu = gd ≡ gq, we find
µp =
gq
2
e
2mq
(4)
One can immediately recognize that the result suffers from the uncertainty coming from the quark
mass. In the quark model, the constituent quark mass mq = mp/3 can be used. Using this, a
comparison of Eq. (1) and Eq. (4) leads to the value gq = gp/3 ' 1.862. This result being close to
2 indicates that the light quarks u, d have little substructure.
The difficulties for concluding whether the quark g-factor is SM-like or not are three-fold:
(i) the result heavily depends on the quark mass, in fact from the experiment one can only
determine the ratio gq/mq = gp/mp ' 5.95 GeV−1;
(ii) different from the lepton case, the anomalous MDM is induced by the strong interaction
and it can be very large and also scale dependent;
4(iii) it has been claimed that the spin of the proton is not carried by quarks but mainly by
gluons.
We note by passing, that the argument (i) can be reversed: by going to the classical limit gq = 2
one can determine the u or d quark mass, mq = 0.336 GeV.
Having said this, the agreement of this experimental result does not seem to be just an accident.
The computation of the MDM of neutron in the same model leads to
µn =
1
3
(4µd − µu) = −gq
2
e
3mq
= −2
3
µp, (5)
where the relation between µn and µp is quark mass and g-factor independent. It is very well
satisfied in the experiment.
Now moving to charmed baryon MDM, the theoretical prediction suffers from the similar prob-
lem as for the proton: the ambiguity due to the charm quark mass dependence. On the other
hand, at the heavy quark limit (i.e. charm quark to be infinitely heavy), it can be derived that the
spin of the charmed baryon is mainly carried by the spin of the charm quark, which can overcome
the problem we encountered in the proton case.
Let us first compute the MDM of Λ+c in the constituent quark model as before, i.e. Λ
+
c MDM
is sum of the MDMs of up, down and charm quarks in the configuration antisymmetric in spin of
the light quarks (see Appendix A). In this case the Λ+c MDM is equal to the charm quark MDM:
µΛc = µc =
gc
2
eQc
2mc
(6)
Using the constituent quark mass mc = mΛc − 2mq(1/3 GeV) = 1.7 GeV we find
µΛc = 0.37
gc
2
µN , (7)
where the nuclear magneton is µN =
e
2mp
. It is curious that the g-factor of Λ+c , which is defined
via µΛc =
gΛc
2
e
2mΛc
, is actually close to the charm quark g-factor, i.e. gΛc =
QcmΛc
mc
gc ' 0.9 gc,
although Λ+c has a substructure.
There are various models to compute the MDM beyond the quark model. For example, the
so-called Heavy Hadron Chiral Perturbation Theory (HHCPT) is developed [1–4], which combines
the heavy quark effective theory and the chiral perturbation theory of light hadrons. It allows to
improve theoretical prediction in a systematic manner.
The next to leading order Lagrangian for the MDM of triplet and sextet baryons has been
given in [5, 6]. At the order O(1/mQ) (mQ is the heavy quark mass), we have two extra contribu-
tions. First, it is the heavy quark MDM, i.e. the interaction of the photons and the heavy quark
5constituent inside of the hadrons, which also induces M1 transition. This term induces the contri-
bution of the quark model. The second contribution is the photon interaction with the light “brown
mock” inside of the heavy hadrons. However, the baryon Λ+c , whose light degrees of freedom are
in the spinless state, does not receive contribution to the MDM from this interaction. As a result,
even at this order, the quark model limit results given above hold. The lack of contributions from
the light degrees of freedom seems to be generic and theoretical predictions using different models
show that the MDM of Λc is close to the one predicted by the constituent quark model.
MDM predictions using various theoretical models can be summarized as [7–19]:
µΛc = (0.34− 0.43)µN , (8)
although there are exceptions falling out of these bounds. In particular, Ref. [20], using the QCD
spectral sum rule approach, gives µΛc = (0.15 ± 0.05)µN , while Ref. [12] in the Dirac point-form
dynamics obtains µΛc = 0.52µN , and Ref. [21] in the next-to-next-to-leading order in the HHCPT
gives µΛc = (0.24± 0.02)µN . It should be noted that each theoretical model fits the charm quark
mass with various observables. In this sense, the charm quark mass uncertainty is included in this
value.
II. THE PREDICTION OF THE MAGNETIC DIPOLE MOMENT OF Λc USING THE
RADIATIVE CHARMONIUM DECAYS
It turned out that the charm quark MDM is most precisely measured by the quarkonium
radiative decays as of today. In this section, using this result, we estimate the Λc MDM.
The process used by the CLEO [22] and BESIII [23] collaboration is the cascade radiative decay,
ψ(3686)→ γ1χc1,2 followed by χc1,2 → γ2J/ψ(→ l+l−), where the initial ψ(3686) is produced from
the e+e− collision.
Using the non-relativistic model, the cascade radiative decay, ψ(3686) → γ1χc1,2 followed by
χc1,2 → γ2J/ψ(→ l+l−) is computed (see [24, 25] for detail). We have 5 observable angles: χc1,2
direction with respect to e+e− in the centre of mass system (θ0), the angle between γ1 and γ2
in the rest frame of χc1,2 (θ1, φ1) and angle between l
+ and γ2 in the rest frame of χc1,2 (θ2, φ2).
The helicity amplitudes of ψ(3686)→ γ1χc1,2 and χc1,2 → γ2J/ψ decays are parameterised by the
coefficients aJi and b
J
i , respectively.
The normalised M2 contributions, b1,22 and a
1,2
2 from the ψ(3686)→ γ1χc1,2 and χc1,2 → γ2J/ψ,
respectively, are related to the mass of the charm quark mc and its anomalous magnetic mo-
ment κ (see [22] for detail). In the ratios β = b12/b
2
2 and α = a
1
2/a
2
2, the mc and κ cancel to
6first order in Eγ/mc. The ratios thus receive clear numerical predictions of β = 1.000 ± 0.015
and α = 0.676± 0.071, respectively [22]. Recently, the BES III experiment reported [23] the mea-
surement of the M2 amplitudes and the determination of the two ratios β = 1.35 ± 0.72 and
α = 0.617± 0.083, in agreement with the theory prediction.
The precision of the b1,22 and a
1,2
2 measurements reported by BES III is dominated by the
available statistical sample, and is expected to be improved by future experiments with larger
collected data samples. Among important systematic uncertainties are photon detection, efficiency
estimates with the simulation assuming the phase space, kinematic fit and fitting technique. With
improved electromagnetic calorimeter and the efficiency determined in bins of relevant angular
variables, systematic uncertainty is also expected to be significantly improved in the next-generation
experiments. In the BES III analysis [23], the (1 +κc) measurement, which can be related to gc by
1 + κc =
gc
2
(9)
was performed:
gc
2
= −4mc
Eγ2
a12 = 1.140± 0.051± 0.053± 0.229 (10)
where the last systematic error is coming from the charm quark mass ambiguity mc = 1.5 ± 0.3
GeV.
What would be the implication of this result? Indeed, the obtained value of gc is close to 2
but the precision is limited by the uncertainty from the charm quark mass. In fact, the charm
quark would receive a radiative correction, from the strong interaction, which would also induce
uncertainty. As in the case of the muon anomalous magnetic moment, there is a chance that the
charm quark anomalous magnetic moment is non-SM like. However, the SM prediction of the gc
contains an ambiguity as a concept. This problem can be solved only when we chose a theoretical
model which allows to consistently calculate the charm quark anomalous magnetic moment effect
inside of hadrons. In the following we prefer to write the result in Eq. (10) in terms of ratio between
gc and the charm mass quarks as
gc
2mc
= 0.76± 0.05 GeV−1 (11)
Since the magnetic moment of charm quark is proportional to gc/2mc, the experimental results
given in Eq. (10), can provide a prediction of the Λc magnetic moment in the constituent quark
model without any charm quark uncertainty
µΛc = µc =
gc
2mc
2
3
mp µN = (0.48± 0.03)µN . (12)
7If we compare this with the theoretical predictions in the end of the previous Section, we can
conclude that there is a tension with the majority of theoretical predictions. In particular, the
deviation with calculation [20] is 5.7 σ, with the NNLO HHCPT [21] the deviation is 6.7 σ. On
the other hand, there are theoretical models which do not contradict to Eq. (12); for example, the
calculation in [11] agrees with the value in Eq. (12) on the level of 1.4 σ.
In order to increase the significance of this discrepancy and to observe a possible new physics
contribution, what would be needed are i) to achieve a better precision of the measurement given
in (11) by further improving radiative charmonium decay at BESIII and a possible future charm
factory, ii) to achieve a direct measurement of Λc magnetic moment at a equivalent precision. We
will briefly discuss on i) in the following while ii) will be discussed in the section 5 and 6. In both
cases we should aim to have an experimental precision at 5% or better.
Theory calculations of b0,1,22 and a
0,1,2
2 to the next order in Eγ/mc are therefore of primary
importance. A dependence of the corrections on Eγ and mc is expected to be different, so that the
experimental determination of different amplitude will provide truly complementary information.
This can be possible by BESIII and also at the future tau-charm factories.
Another path can be the measurement of the absolute values of b1,22 and a
1,2
2 instead of the ratios.
While part of the systematic uncertainties will not cancel for absolute measurements, the system
can be over-constrained to verify model assumptions. Comparison of the all four values of b1,22
and a1,22 measured experimentally to theory predictions will provide complementary information.
Taking into account correlations of experimental measurements and retaining only variable that
yield identical theoretical interpretations, the extracted values for κ or κ ⊕mc can be averaged.
Involving measurements with intermediate χc0 and ηc(2S) states would allow a simultaneous fit to
the mc and κ variables to be performed using the eight quasi-independent measurements.
Higher-order multipole amplitudes can be extracted from the angular distributions of the final-
state particles. They were first considered in Ref. [23] by the BES III experiment, who performed a
simultaneous unbinned maximum likelihood fit according to the procedure from Refs. [24, 25]. The
relevant angular variables are the polar angle of γ1 with respect to the beam axis, in the ψ(3686)
rest frame, θ1; the polar, θ2, and azimuthal, φ2, angles of γ1 with respect to the direction of γ1, in
the χcJ rest frame (φ2 = 0 in the electron-beam direction); the polar, θ3, and azimuthal, φ3, angles
of l+ from the J/ψ decay with respect to the direction of γ2, in the J/ψ rest frame (φ3 = 0 in the
γ1 direction).
8III. THE CHARMED BARYON SPECTROSCOPY AND THE MAGNETIC DIPOLE
MOMENT
Recently LHCb experiment as well as e+e− machine, such as BESIII and Belle II are making a
great progresses in the charmed baryon spectroscopy. The first observation of the doubly charmed
baryon at LHCb [26] has triggered various theoretical investigation of charmed baryon weak decays
as well. In this section, we show that the MDM which reflects the spin configuration of the internal
degree of freedom of baryon can be a powerful tool for identification of charmed baryons.
Let us first derive the MDM of different charmed baryons.
First of all, it turned out that the two remaining triplet (spin 1/2, anti-symmetric) charmed
baryon, Ξ0c and Ξ
+
c have the same MDM as Λc in the quark model:
µ
Ξ0,+c
= µc = µΛc (13)
A confirmation of this relation is an important role to test the quark model description.
In [9] and [27], higher order corrections to this relation are discussed. The reference [9] discusses
the so-called spin-symmetry breaking effect, which typically induces the Σ∗c −Σc mass splitting. It
comes form a loop diagram with Σ
(∗)
c and pi,K in the loop. This contribution leads to a sub-leading
effect (order 1/m2Q) to the MDM of Ξ
+,0
c . There are two input parameters, ∆m and g2
2 but these
can be fixed by the Σ∗c − Σc or Ξ′∗c − Ξ′c mass splitting and the charmed baryon strong decays,
respectively. In recent years, there are a lot of progresses to determine g2: the latest fit to the
experimental dat gives 0.989+0.019−0.042 [28] and the lattice QCD result shows 0.71±0.13 [29]. Using the
former result, to be conservative, we can find that the relation Eq. 13 would be modified slightly:
µ
Ξ
+/0
c
= µΛ+c ± (0.051± 0.001). (14)
Note that this result does not depend on the charm quark mass. In [27], the SU(3) breaking effect
has been further included. In this case, we can not obtain all the parameters from other experi-
ments, which causes additional theoretical uncertainty. However, this contribution is typically at
order 1/mQΛ
2
χ and can be small.
For the sextet (spin 1/2, symmetric) charmed baryons, the situation is very different. We find
(Appendix A):
µΣ++c = −
1
3
µc +
4
3
µu, µΣ+c = −
1
3
µc +
2
3
µu +
2
3
µd, µΣ0c = −
1
3
µc +
4
3
µd (15)
2 In [9], it is g3.
9which leads to the values (with mc = mΣc − 2mq (1/3 GeV) = 1.8 GeV) µΣ++c = 2.54µN ,
µΣ+c = 0.54µN , µΣ0c = −1.46µN . Even though this numerical values suffer from the quark mass
uncertainty, the sign for Σ0c seems to be opposite to the one of Λc, and the MDM of doubly-charmed
Σ++c is much larger than Λc, which would be also interesting to be tested. Note that the main
decay channel of Σc is Λ
+
c pi.
Finally, let us discuss the another sextet (spin 1/2, symmetric) charmed baryon Ξ′+,0c . These
baryons have the same quark content as Ξ+,0c but their wave functions are SU(3) flavour symmet-
ric. Since these states have the same quark contents and the same spin, they can mix with the
triplet Ξ+,0c states. At the infinite mass limit, though, this mixing is zero, i.e. Ξ
+,0
c is the pure
anti-symmetric and Ξ′+,0c is the pure symmetric state. Indeed, two states are observed, one at
∼ 2468 MeV and the other ∼ 2577 GeV. The latter decays radiatively to the former. Whether
these observed two states (mass eigenstates) are the pure anti-symmetric and symmetric states
(flavour eigenstate) is not known though it can offer an excellent test of the heavy quark limit. In
the following, we show that the MDM measurement, which are the most sensitive to the flavour
symmetry of the constituent quarks, can be used to answer this question.
The MDM of Ξ′+,0c yields:
µΞ′+c = −
1
3
µc +
2
3
µu +
2
3
µs, µΞ′0c = −
1
3
µc +
2
3
µd +
2
3
µs (16)
which leads to µΞ′+c = µΣ+c , µΞ′0c = µΣ0c at the SU(3) limit. The theoretical uncertainty might be
larger than the case of Σ0,+c due to SU(3) however, we would still expect the MDM of the Ξ′0c to
have an opposite sign comparing to the one of Ξ0c . This result implies that the MDM measurements
are very sensitive to resolve the deviation between the flavour and the mass eigenstate of Ξc’s. In
particular, the equality of the MDM of Ξ+,0c and Λc in Eq. (13) does not depend on the quark masses
and the most precise test can be performed. Thus, we will investigate in the following section, this
equality in more detail. It should be noted that contrary to the triplet (anti-symmetric) baryons,
the sextet (symmetric) baryons receive the next leading order long distance contribution (the
photon interacting with light degree of freedom), which are quite sizeable. Neverthelss, most of
the theoretical predictions (see e.g. [14]) confirm the negative MDM for Ξ′0c , which can be used to
clarify the issue of the Ξc − Ξ′c mixing as discussed earlier.
In summary, a measurement of µΛc as well as µΞc at a high precision will be highly appreciated
to distinguish different spin configuration of the charmed baryon states.
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IV. MAGNETIC DIPOLE MOMENT MEASUREMENT OF CHARMED BARYONS
USING BENT CRYSTAL
The MDMs of baryons containing u, d and s quarks have been extensively studied and mea-
sured. The experimental results are all obtained by using the conventional methods, namely the
measurement of the precession angle of the polarisation vector when particle is travelling through
an intense magnetic field by analysing the angular distribution of the decay products.
No measurement of MDMs of charm or beauty baryons has been performed so far. A reason of
the non-availability of experimental information is because the lifetimes of charm/beauty baryons
are too short to measure the MDM by standard techniques.
One proposal to meet the challenge of measuring the MDMs of baryons with heavy flavoured
quarks is to use the strong effective magnetic field inside the channels of a bent crystal instead
of the conventional magnetic field to process the polarisation vector and measure the MDM. The
detailed precession theory has been developed by [30–32].
Shortly, in a curved crystal the electrostatic field of the atomic planes deflecting the particle
transforms into a magnetic field in the particle’s rest frame. Thus the spin precession angle φ is
φ = ω
(
1 + γ
g − 2
2
)
for γ  1, (17)
where γ is the Lorentz factor, g is the g-factor or dimensionless MDM of baryon, and ω is the
deflection angle of the channelled particle. From a measurement of γ, φ and ω of the channeled
particles, we can determine g and hence the particle’s MDM. We expect that channeling can
provide the equivalent magnetic fields up to several hundreds of Tesla, thus offering the potential
of significant precession angles even when the length of the bent crystal is of order of cm.
E761 Collaboration (1992) had demonstrated the feasibility of this idea by measuring the MDM
of the strange Σ+ baryon [33, 34] using the decay into ppi0.
Recently a few papers have appeared [35, 36] proposing experiments to measure the MDM of the
Λc and other charmed charged baryons at LHC top energies. In [37] the method for measuring the
electromagnetic dipole moments of the τ lepton using double or triple crystal setups at LHC was
proposed. The clear advantages of the use of LHC are the much larger boost and the possibility of
using well-known detectors. The unavoidable drawback is the complex integration of the crystals
into the LHC vacuum pipe in the respect of the machine protection requirements. However, the
recent success of crystal-collimation tests of the UA9 Collaboration [38, 39], may provide the
necessary technical know-how for such a complex task.
11
The experiment foresees the installation of a bended crystal in the halo of the LHC to obtain
an intense collimated proton beam. Polarised heavy baryons are produced by strong interaction
of this proton beam impinging into a few mm (tungsten) target. A large angle bended crystal,
located downstream of the target will induce the rotation of the polarisation vector of the heavy
baryons. The change of the polarisation is studied by performing an angular analysis of the decay
products of the heavy baryons using either one of the LHC existing detectors or a dedicated new
one.
Our goal is to measure the Λc magnetic moment at a few % level. As presented in [36], the
sensitivity depends on two factors. The first is to have an experimental setup capable to collect
enough statistic. This studies have been made in details using the LHCb detector [40]. In [41] two
possible layouts of such a setup are reported, together with a thorough evaluation on their expected
performance and impact on LHC operations. The second factor is to know precisely the initial
polarisation of Λc and to use the most suitable Λc decay channels giving the greatest sensitivity to
the polarisation measurements. Let us elaborate this second point and discuss on our strategy.
The sensitivity depends on the precision of φ in Eq. (17), which represents the spin precession of
Λc, i.e. the change of the polarisation. The polarisation of Λc can be measured, in general, by the
angular distribution of its decay Λc → BP (B is a baryon and P is pseudoscalar meson, namely
pion or kaon)
1
N
dN
d cos θ
=
1
2
(1 + αξ cos θ) (18)
where the ξ is the polarisation projection of Λc, and the θ is the angle between Λc polarisation axis
and the final baryon direction ~nbaryon = ~pbaryon/|pbaryon|. The α is called asymmetry parameter,
which represents the forward-backward asymmetry of the final state baryon with respect to the
initial Λc polarisation direction. This asymmetry is non-zero only when the decay is induced by a
parity violating interaction.
A. Initial polarisation
The experimental data [42, 43] together with theoretical predictions [44–46] shows that Λc
baryons produced in a fixed target are polarised, the polarisation vector is orthogonal to produc-
tion plane, directed opposite to ~pbeam × ~pΛc , and the absolute value of polarisation grows with
transverse momentum (see Fig. 1). In [36] the analysis of this data together with Λc spectra an-
gular distribution obtained from Pythia [47] shows that the average absolute value of polarisation
12
0 1 2 3
0
0.2
0.4
0.6
-0.25
0
0.25
0.5
0.75
pt, GeV
∂N/∂pt, GeV-1 ξ
ε=  4 TeVε=  2 TeVε=  1 TeVε= 50GeV
0 1 2 3
0
0.2
0.4
0.6
0.8
0
0.2
0.4
0.6
0.8
pt, GeV
∂N/∂pt, GeV-1 ξ
FIG. 1: Λc initial polarisation as a function of transverse momentum (red curves) on top of its distribution
over transverse momentum (histograms). Red solid curve — theoretical prediction [46], red crosses —
experimental data [43], red dashed curve — experimental data fit by equation (19); blue histogram (left
plot) — distribution over transverse momentum of all Λc produced in a fixed target by 6.5 TeV protons,
histograms (right plot) — same for specific energies of Λc indicated on the right. Here the polarisation is
projected on the ~pΛc × ~pbeam direction.
of Λc produced in the fixed target is |ξ| = 0.40(5). In the current paper we would like to estimate
initial polarisation more accurately.
We extrapolate experimental data with the following expression for polarisation as a function
of transverse momentum:
|ξ| = 1− e
−
p2t
2 〈p2t 〉 (19)
where 〈p2t 〉 = 1.26(20) GeV2 is a typical transverse momentum of produced Λc baryons.
The distribution over transverse momentum of Λc produced in a fixed target by 6.5 TeV protons
is obtained using Pythia v.8.240 accounting all soft QCD processes. Using this data we obtain the
root mean square of initial polarisation ξrms = 0.46(6). We assume that polarisation is a function of
transverse momentum and does not depend on Λc energy. On the other hand, the distribution over
the transverse momentum varies with Λc energy (see Fig. 1, right). Thus, the average polarisation
depends on the energy: ξrms ≈ 0.50(6) for Λc energy ε = 50 GeV, and ξrms ≈ 0.34(6) for ε = 4 TeV.
We propose to place a crystal immediately after the target, to deflect as many Λc baryons as pos-
sible before they decay (see Fig. 2, left and right). Note that the crystal selects by channeling only
a small fraction of produced baryons, that have a small angle with respect to the crystallographic
plane, ϑx ∈ (ϑcrys−ϑacc, ϑcrys +ϑacc). Here ϑacc is the acceptance angle to channeling [36, 48], the
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FIG. 2: Selection of Λc initial polarisation by the crystal, and spin precession in a bent crystal (for the
case φ = pi/2). (Middle) the distribution of the Λc polarisation in the phase space ϑxϑy, here ϑ =
√
ϑ2x + ϑ
2
y
is the angle between the proton and the Λc momenta. Red arrows show the Λc polarisation. The blue
rectangular areas close to ϑy axis and at the bottom of the plot show the phase spaces of initially captured
and deflected Λc baryons, respectively. The layout of the target-crystal setup (left) in the yz plane and
(right) in the zx plane.
axis Oz is chosen in the direction of impinging protons, the axis Oy lies in the crystal plane, the
initial direction of crystal plane normal is shifted from Ox by a small angle ϑcrys around Oy axis,
and the crystal is bended around the Oy direction (see Fig. 2).
For the MDM measurement the optimal orientation is when the crystallographic plane is aligned
with the impinging proton beam (ϑcrys = 0), as in this case the x-component of polarisation,
i.e. orthogonal to spin precession axis, is maximal. Note that with this orientation Λc initial
polarisation is almost parallel to the ~nx axis, with two fractions that are positively or negatively
polarised and can be separated experimentally by reconstructing ϑy. This feature was used to
cancel the systematic uncertainty connected with the acceptance of the apparatus in Fermilab
experiment E761 [34].
In the current study we considered two setup configurations proposed in [41], that are (IR3) at
momentum cleaning area of LHC and (IR8) in front of interaction point at the LHCb detector.
In both cases the target and the crystal materials are tungsten and silicon, respectively, and the
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FIG. 3: Same as in Fig. 2. The areas highlighted with red and green show the phase spaces of Λc baryons
with spin precession in crystal caused mainly by MDM and EDM, respectively.
target length is 5 mm. The other parameters of the setup are presented in Table I.
As the Λc production is a rare event, it is important to avoid channeling of initial protons, i.e.
ones that pass through the target with negligible interaction. In the case of experiment at the
extraction line this can be done by slight (ϑcrys = 100–200µrad) misalignment of the crystal. As
we show latter, this misalignment would have no effect on the measurement efficiency (see Fig. 5).
For the circulating machine the risk of accidental deflection of the initial protons to the beam pipe
is not tolerable, so the bending radius of the crystal is chosen in order to avoid channeling at the
top energy [41].
The Λc electric dipole moment (EDM) can be obtained by measuring the spin precession caused
by interaction of particle EDM with the electric field of crystal planes [49]. For this measurement the
initial polarisation should have considerable component perpendicular to crystal electric field [50],
i.e. y-component. Note that to achieve this condition the crystal should be rotated by a small
angle ϑcrys around Oy-axis, but not by 90
◦ around Oz-axis, as shown in Fig. 3. Here we present a
simplified scheme just to demonstrate the main direction of spin precession caused by interaction
of Λc MDM and EDM with electric field of bent crystal. One can see that by orienting the crystal
with respect to the initial proton beam we can select deflected Λc baryons with a certain (parallel
or perpendicular to crystallographic plane) initial polarisation. Thus there are three possible initial
crystal orientations optimised for MDM, EDM and simultaneous measurement, presented in Fig. 3
left, centre and right, respectively. The phase space in the blue rectangles at the bottom represent
the deflected Λc baryons. To simplify the picture we suppose that the precession angle is pi/2
and the final polarisation has only z-component. We consider this in more details in the following
section. In [36] it was shown that it should be easy to separate experimentally deflected Λc baryons
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FIG. 4: Root mean square of initial polarisation of Λc deflected by the crystal (ξx and ξy — projections
on axes Ox and Oy, respectively) and Ndefl — the integral number of deflected Λc baryons after 10 hour
LHC fill as functions of initial crystal orientation ϑcrys. (Left) and (right) for configurations at IR3 and IR8,
respectively.
events since the deflection angle is greater than the typical production angle of the deflected part of
Λc baryons. Note that it is also very important to reconstruct ϑy especially for MDM measurement.
To calculate the average initial polarisation of deflected Λc baryons and to verify the optimal
crystal orientation, we performed computer simulations of Λc propagation though a crystal using
the approach described in [36, 51]. The results are presented in Fig. 4 and in Table I.
B. Final polarisation
Due to the MDM, the spin precession takes place in the xz plane. We first choose the polarisation
axis to be perpendicular to the production plane, i.e. ~nx ≡ ~pbeam×~pΛc|~pbeam×~pΛc | . In this case, supposing
ϑcrys = 0, we can write the polarisation of the Λc before going through the crystal by the absolute
value of the polarisation:
ξ|~nx = ±|ξx| = ±|ξ|
Two signs correspond to two fractions of Λc baryons of positive and negative initial polarisations.
After passing through the crystal, the Λc spin precesses in the plane perpendicular to the effective
magnetic field ~B. As a result, the polarisation of Λc after the crystal is modified as:
ξ|~nx = ±|ξx| cosφ (20)
If we choose another polarisation axis (let us call it ~nz), that is perpendicular to ~nx and to the
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effective magnetic field ~B the polarisation after crystal is modified as
ξ|~nz = ±|ξx| sinφ. (21)
If we rotate the crystal by a small angle ϑcrys around Oy-axis, the y-component of initial
polarisation ξy will appear (see Fig. 4). This would provide a better efficiency for the EDM
measurement with respect to the setup considered in [49]. Indeed, using spin precession equation
[52, 53] one can show that, if the particle possesses an EDM, its interaction with the average electric
field of bent crystal will cause the spin precession around Ox axis. Assuming γ  1 and g ≈ 2
ξ|~ny ≈ ξy cosφ′, (22)
ξ|~nz ≈ ξy sinφ′, φ′ ≈
ω γ f
2
, (23)
where ξy is the y-component of initial polarisation, φ
′ is the precession angle around Ox axis, and
f is a dimensionless EDM.
In case g 6= 2, there might be a significant spin rotation around Oy which would be important
to take into account. By taking a theoretical prediction of g-factor g = 1.92 and other parameters
from the Table I and pluging them into equation (17), we get the values for spin rotation angle
around Oy axis: 8.5◦ and 16.3◦ for configurations at IR3 and IR8, respectively. This can be
translated to a 5–9 % correction to the equations (20)–(23) due to interaction of precessions caused
by MDM and EDM. Note that this effect can be mitigated by comparing two fractions of Λc with
positive and negative ϑy.
C. MDM and EDM measurement accuracy
Analysing the angular distribution (18) and considering (17), (20)–(23) one can obtain the
expressions for the uncertainty to the Λc baryon g-factor and dimensionless EDM:
∆g =
√
12
α2j Brj η
det
j Ndefl ηMDM
, ηMDM = 〈 ξ2x γ2 〉ω2, (24)
∆f =
√
12
α2j Brj η
det
j Ndefl ηEDM
, ηEDM = 〈 ξ2y γ2 〉ω2, (25)
where αj , Brj and η
det
j are the weak decay parameter, the branching ratio and the detector
efficiency for j decay channel, ηMDM and ηEDM are the efficiencies of crystal-target setup for MDM
and EDM measurement, respectively. First three terms depend only on the Λc decay channel
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and on the detector efficiency. Last two terms are defined mainly by channeling efficiency and
properties of the accelerator. We call the product of these two parameters the precession efficiency.
Its maximum corresponds to the optimal crystal configuration for the measurement.
The results of computer simulations show that for MDM measurement the optimal initial ori-
entation of the crystal is |ϑcrys| ≤ 0.15 mrad and |ϑcrys| ≤ 0.3 mrad for configurations at IR3 and
IR8, respectively; and for EDM measurement: ϑcrys ≈ 0.4 mrad and ϑcrys ≈ 0.9 mrad (see Fig. 5).
The difference between last two angles is due to a softer spectra of deflected Λc baryons at IR8.
The baryons with the same transverse momentum pt (same polarisation ξ) but with smaller energy
would have a greater production angle ϑ.
The precession efficiencies of MDM and EDM measurements at IR3 are ∼ 5.3 times better.
This is because the setup at IR8 is limited by the properties of LHCb detector, whereas for IR3
the optimal parameters of the detector (acceptance angle, energy range, etc.) were obtained in
order to maximise the double crystal efficiency. The obvious downside of the IR3 configuration is
that it requires building a new detector, but on the other hand, as it would be dedicated to this
measurement, the detecting efficiency of the particular events could be much better than at LHCb.
The values of precession efficiencies and properties of deflected Λc baryons are listed in the Table I.
Note that the Λc baryons with different directions of polarisation can be separated by recon-
structing ϑy. E.g. at ϑy = 0 and ϑx 6= 0 polarisation has only y-component (see Fig. 2, middle),
which makes it the optimal region for EDM measurement. At the same time, with the same crystal
orientation ϑcrys but with ϑy ≥ ϑx the polarisation has also a considerable x-component which is
essential for MDM measurement (see Fig. 3, left). Thus the measurement of MDM and EDM can
be done at the same time with a small ∼ 20 % drop of efficiency, with respect to the optimal one
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FIG. 5: Precession efficiency (left) of MDM and (right) of EDM measurements as a function of crystal
orientation ϑcrys. The same configurations as in Fig. 4.
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TABLE I: Parameters of target-crystal setup and properties of deflected Λc baryons at IR3 and IR8.
IR3 IR8
Target-crystal setup [41]
Number of protons on target per 10 h fill 3× 1010 4.3× 1010
Target lenght, cm 0.5 0.5
Crystal length, cm 7 7.5
Crystal bending radius, m 14 5.4
Deflection angle ω, mrad 5 14
Deflected Λc baryons
(optimised for MDM)
Initial crystal orientation ϑcrys, mrad 0.1 0.1
Number of deflected Λc per 10 h fill Ndefl 180 12
Average Λc Lorentz factor γ 1140 600
Expected spin rotation angle (for g = 1.92) φ −8.5◦ −16.3◦
Average Λc polarisation (x-component) ξ
rms
x 0.24(5) 0.27(5)
Weighted average polarisation
√〈ξ2xγ2〉/〈γ2〉 0.22(5) 0.26(5)
Precession efficiency (per 10 h fill), Ndefl ηMDM 300 57
Deflected Λc baryons
(optimised for EDM)
Initial crystal orientation ϑcrys, mrad 0.4 0.9
Number of deflected Λc per 10 h fill, Ndefl 75 5
Average Λc Lorentz factor γ 910 570
Average Λc polarisation (y-component) ξ
rms
y 0.25(5) 0.34(5)
Weighted average polarisation
√
〈ξ2yγ2〉/〈γ2〉 0.34(5) 0.41(5)
Precession efficiency (per 10 h fill), Ndefl ηEDM 200 37
for each of them (see Fig. 5). In this case the crystal should be oriented at ϑcrys = 0.25 mrad and
ϑcrys = 0.6 mrad for measurement at IR3 and IR8, respectively.
Another very important parameter for reconstruction of final polarisation is a weak decay pa-
rameter. Below, we consider only the MDM measurement, but the approach can be extended also
to the EDM measurement. In Fig. 6, we demonstrate the sensitivity of g-factor precision to a weak
decay parameter uncertainty ∆α. One can see that the poor knowledge of ∆α = 0.3 essentially
limits the precision of the MDM as it adds a significant systematical uncertainty.
On the other hand, this problem can be solved by measuring the α ξrmsx factor and the MDM
at the same time. If we neglect EDM, the spin precession modifies the polarisation projection on
both axes, ~nz and ~nx, which can be measured independently [34],
1
N
dN
d cos θx
=
1
2
(1 + α ξrmsx cosφ cos θx),
1
N
dN
d cos θz
=
1
2
(1 + α ξrmsx sinφ cos θz), (26)
where cos θx = ~nx · ~nbaryon and cos θz = ~nz · ~nbaryon. Thus, we can have two observables: two
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FIG. 6: Absolute statistical error of g-factor (left) as a function of its expected value g, and (right) as a
function of error on alpha parameter ∆α. (Left) for different numbers of registered events and (right) for
various expected values of g-factor g, stated in the plot. Calculation results for IR3 configuration, considering
Λ+c → ∆++K− decay channel, assuming α = 0.67.
angular coefficients bx ≡ α ξrmsx cosφ and bz ≡ αξrmsx sinφ that can provide both α ξrmsx and the φ
angle via
b2x + b
2
z = α
2 〈ξ2〉, bz
bx
= tanφ. (27)
The uncertainty of g-factor in this case is
∆g =
1
αj ξrmsx γ ω
√
12
Nj
(
1 +
√
2
|g − 2|
2
ωγ
)
, Nj = Brj η
det
j Ndefl. (28)
where Nj is the number of reconstructed events. The expression in parentheses represents the
increase of error on g-factor due to simultaneous measurement of α ξrmsx . For g = 1.92 this factor
is about 1.32 and 1.48 for IR3 and IR8 configurations, respectively.
The figure 7 presents the evolution of uncertainty to g-factor with number of reconstructed
events, i.e. when Λc baryon is deflected by a full bending angle of the crystal and then decays
by a certain channel stated in the figure. Here we compare two cases: when g-factor is measured
while the value α ξrmsx is taken from the another experiment (red curves labeled with ∆α values)
and when g-factor and α ξrmsx are measured simultaneously (black curves). In the latter case we
assume the expected value of weak decay parameter to be α = 0.91 for Λ+c → Λ0pi+ decay (left)
and α = 0.67 for Λ+c → ∆++K− decay, g = 2.1, and other parameters of IR3 configuration (see
Table I).
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FIG. 7: Absolute statistical error of g-factor as a function of reconstructed events number Nj (left) for
Λ+c → Λ0pi+ and (right) for Λ+c → ∆++K− decay channels. Red curves labeled with ∆α value are obtained
using the pre-measured values of α ξrmsx factor, black line corresponds to the case when we measure αξ and
g-factor simultaneously at current experiment. Calculation results for IR3 configuration. Margins represents
the current uncertainly on a weak decay parameter value.
One can see that using the external value of α ξrmsx improves the precision to g-factor while
∆g & 0.1, or at low statistics (103–104 events), and after collecting more data the systematical
error from ∆α becomes dominant and it is more efficient to measure two factors at the same
time. The other potential source of systematic error is expected from Λc energy reconstruction.
Our calculations show that this impact is quite small, e.g. even for the energy error as big as
∆ε = 100 GeV we start to see the effect on ∆g only after 105 events (see the bend of black curves
in Fig. 7).
In any case it is very important to know α ξrmsx as ithe current precisions for Λc → p K∗ and
Λ+c → ∆++K− channels give almost one order of magnitude uncertainty on data taking time
needed to reach to a certain ∆g. The factor α ξrmsx could be pre-measured if we can have exactly
the same setup for the Λc production: using the fixed-target data sample collected at the LHCb
experiment with the SMOG system [54] might be an interesting possibility. On the other hand,
to reach to a higher precision, we may need to obtain this factor from other experiments, such as
LHCb which has a much higher statistics. As the α value is the same in any environment, this
can be measured precisely by LHCb. Per contra, the ξrmsx value depends on pt and Λc energy ε, so
we need a theoretical extrapolation, which leads to some uncertainties. In any case, if we use the
LHCb data, the α parameters should be reconstructed separately.
We discuss how we can achieve that in the next section, considering two decay processes,
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TABLE II: Properties of different decay channels of Λc baryons.
Decay channel Branching ratio Weak decay param. Detector efficiency ηdetj Wieght,
Brj , % [55] αj (see section V) IR3 IR8 [40] (∆g/∆gj)
2
Λ+c → p K∗(892) 1.96(27) 0.66(28) 0.2 0.2 ∼ 0.60
Λ+c → ∆++(1232)K− 1.08(25) −0.67(30) 0.2 0.2 ∼ 0.35
Λ+c → Λ (p pi−) pi+ 0.83(5) 0.91(15) 0.02 0.004 0.01–0.05
Λ+c → Λ(1520) pi+ 2.2(5) −0.11(60) 0.2 0.2 0.02
Λc → ppipi and Λc → pKpi. The first decay is intermediated by the Λc → Λpi whose α value
has been measured as α = 0.91 ± 0.15. The second decay is more complex since there are three
intermediate channels, Λc → K∗(890)p, ∆++K, Λ(1520)pi → pKpi, which introduce three different
θ angles (c.f. θ is defined by the direction of these intermediate baryons). Despite of this complexity,
the second decay may be able to determine MDM more precisely since it has a larger branching ratio
comparing to the first one, which occurs via successive weak decays. Another drawback of the first
decay is the presence of relatively long-living Λ0 baryon in the intermediate state, that significantly
reduces the detecting efficiency at LHCb detector (by about 47 times, according to [40]). At IR3
this problem could be partially solved by building a longer detector, but as the average energy of
deflected Λc baryons is twice greater with respect to IR8, we do not expect the gain of more than
5 times with respect to IR8.
In Table II we list the properties of the most useful Λc decay channels in terms of polarisation
reconstruction together with their detection efficiencies. Using these values in Eq. (28) we obtain the
weights of these channels at MDM reconstruction (see Table II last column). One can see that about
95 % of information for MDM reconstruction comes from the first two channels: Λc → K∗(890)p
and Λ+c → ∆++(1232)K−.
Finally, in Fig. 8 we present the absolute statistical error of the g-factor as a function of number
of 10 hour LHC fills. Due to a poor current knowledge of weak decay parameters and polarisation,
the uncertainty of data taking time needed to reach the same ∆g is about one order of magnitude.
Two vertical green lines corresponds to 1 and 10 years of data taking based on LHC 2018 operation,
for the consistency with [41]. The central values of ∆g for this time stamps are listed in the
Table III.
Our calculations show that in order to reach the error on g-factor at a few percents, the target
length should be enlarged at least to 40 mm and the silicon crystal should be replaced with ger-
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FIG. 8: Absolute statistical error of g-factor as a function of number of fills (left) for IR3 and (right) for
IR8 configurations. Black curves for 5 mm tungsten target attached to silicon crystal, red curves for 40 mm
tungsten target attached to germanium crystal. Margins represents the current uncertainly of the weak
decay parameters and the initial polarisation.
TABLE III: Absolute statistical error of g-factor after 1 and 10 years of data taking for various configurations.
Data taking time needed to reach ∆g = 0.1 and ∆g = 0.04 (last two columns).
Configuration ∆g after Time (years) to reach
Target length Crystal Place 1 year 10 years ∆g = 0.1 ∆g = 0.04
5 mm silicon
IR8 1.10 0.35 123 –
IR3 0.43 0.14 19 120
40 mm silicon
IR8 0.49 0.16 25 160
IR3 0.17 0.06 3 19
40 mm germanium
IR8 0.31 0.10 10 62
IR3 0.12 0.04 1.5 8.5
manium, like it was suggested in [36]. The length and the bending radius of germanium crystal
for IR3 were chosen 7 cm and 10 m to avoid channeling of impinging protons, and for IR8 (5 m
and 3.3 cm) were taken from [40]. Going from 5 mm to 40 mm target and switching to germanium
reduces the data taking time by factors 6 and 2.4, respectively. Further enlargement of the target
should not essentially increase the efficiency because of the decay of Λc and the shower productions
inside of the target.
Using a dedicated detector in IR3 would give an additional reduction of data taking time by a
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factor of about 7.5 with respect to measurement at LHCb detector.
With the optimal orientation for EDM measurement obtained in this paper the error on dimen-
sionless EDM ∆f is about 22 % greater than ∆g. Thus the EDM of Λc baryon could be measured
with an error ∼ 2.6 × 10−16 e cm using 40 mm tungsten target and germanium crystal after 10
years of data taking at IR8 or less than 2 years at IR3. Note that in [40] the estimation of error on
EDM is two orders of magnitude lower, but there the expected number of protons on target is 1400
greater, initial polarisation is 2.3 times greater and g-factor value is 1.4 whereas we consider more
conservative prediction g = 1.92. Considering all this, the method proposed in [40] is ∼ 6.5 times
less efficient by precision or requires ∼ 40 times longer data taking time to reach the same precision.
V. IMPROVING THE PRECISION ON WEAK ASYMMETRY PARAMETERS OF
CHARMED BARYONS AT LHCB
Eq. (18) shows that in the decay Λc → B P , the Λc polarisation ξ can not be measured separately
from the parameter α. This problem can be solved if there are more observables (than just cos θ
dependence), which provides independent information allowing to fit both α and ξ. In the following
we introduce two such examples.
A. The case of Λc → Λpi followed by Λ→ ppi
Let us start with computing the first decay chain Λc → Λpi. The parity violating interaction is
induced by a weak interaction in the form
MλΛc , λΛ = uΛ(pΛ, λΛ)(A−Bγ5)uΛc(pΛc , λΛc), (29)
where pΛc (pΛ) is the 4-momentum, and the constants A and B represent parity conserving and
violating contributions, respectively. The helicity λΛc (λΛ) is the projection of the baryon spin in
its momentum direction.
We next consider the subsequent decay Λ → ppi. The transition amplitude can be written
similarly to the Λc decay:
MλΛ, λp = up(pp, λp)(a− bγ5)uΛ(pΛ, λΛ). (30)
To describe the cascade decay Λ+c → Λpi+ → p pi− pi+ of the polarised Λ+c we choose the rest
frame of Λ+c . In this frame the momentum of Λ is directed along the Oz axis, and we assume that
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the polarisation vector ~ξΛc lies in the xz plane with positive x-component (see Fig. (9)). θΛ is the
angle between ~ξΛc and Λ momentum. The polar angle θp is defined in the rest frame of Λ baryon,
and it is the angle between the proton momentum and the Oz axis. The azimuthal angle φp is the
angle between the decay plane Λ→ ppi− and xz plane.
z
y
x ξΛc
θΛ
φp
θpπ+
Λc+
Λ
p
π-
FIG. 9: Definition of angles in the polarised Λ+c decay Λ
+
c → Λpi+ → p pi− pi+.
The differential decay rate for Λ+c → Λpi+ → ppi−pi+ in this frame can be written as
dΓ(Λ+c → Λpi+ → ppi−pi+)
d cos θΛ d cos θp dφp
= Γ(Λ+c → Λpi+) BR(Λ→ ppi−)W (cos θΛ , cos θp , φp). (31)
Here
W (cos θΛ , cos θp , φp) =
1
8pi
(
1 + αΛcαΛ cos θp + αΛcξΛc cos θΛ + αΛξΛc
(
cos θΛ cos θp
+ γΛc sin θΛ sin θp cosφp − βΛc sin θΛ sin θp sinφp
))
(32)
is the full angular distribution of this decay, ξΛc = |~ξΛc | and decay parameters for Λ+c → Λpi+ and
Λ→ p pi− are defined as
αΛc =
|A+|2 − |A−|2
|A+|2 + |A−|2 =
2 Re (A∗SAP )
|AS |2 + |AP |2 , αΛ =
|a+|2 − |a−|2
|a+|2 + |a−|2 =
2 Re (a∗SaP )
|aS |2 + |aP |2 ,
βΛc =
2 Im
(
A+A
∗−
)
|A+|2 + |A−|2 =
2 Im (A∗SAP )
|AS |2 + |AP |2 , γΛc =
2 Re
(
A+A
∗−
)
|A+|2 + |A−|2 =
|AS |2 − |AP |2
|AS |2 + |AP |2 . (33)
Here
A+ ≡ A 1
2
0 = Ak
′
+ +B k
′
−, A− ≡ A− 1
2
0 = Ak
′
+ −B k′−,
AS = A, AP =
k′−
k′+
B,
a+ ≡ a 1
2
0 = a k+ + b k−, a− ≡ a− 1
2
0 = a k+ − b k−,
aS = a, aP =
k−
k+
b, (34)
where Aλ 0 (aλ 0) are helicity amplitudes for the decay Λ
+
c → Λpi+ (Λ → ppi−), and AS (aS) and
AP (aP ) are the S- and P -wave amplitudes. In addition
k′± ≡
√
(mΛc ±mΛ)2 −m2pi, k± ≡
√
(mΛ ±mp)2 −m2pi. (35)
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The parameters αΛc , βΛc , and γΛc satisfy
α2Λc + β
2
Λc + γ
2
Λc = 1. (36)
It is useful to introduce additional parameter ΦΛc
βΛc =
(
1− α2Λc
)1/2
sin ΦΛc , γΛc =
(
1− α2Λc
)1/2
cos ΦΛc . (37)
Note that a formula similar to Eqs. (31), (32) for differential decay rate has been written in
Ref. [56], however the corresponding equation (20) in [56] has inaccuracies or misprints.
Having a sufficient number of events of the decay Λ+c → Λpi+ → p pi− pi+, and knowing the
parameter αΛ = 0.642 ± 0.013 [55], one can use Eq. (32) for estimation of the decay parameters
αΛc , βΛc , γΛc and Λ
+
c polarisation using, for example, the method of maximum likelihood.
From the general three-dimensional angular distribution, Eq. (32), one can obtain simpler distri-
butions. For example, by integrating Eq. (32) over the azimuthal angle, we get the two-dimensional
distribution
WΛ, p(cos θΛ , cos θp) =
1
4
(
1 + αΛcαΛ cos θp + αΛcξΛc cos θΛ + αΛξΛc cos θΛ cos θp
)
. (38)
This equation does not include parameters βΛc and γΛc and its analysis allows one to extract the
asymmetry αΛc and Λ
+
c polarisation ξΛc .
If the number of events of Λ+c → Λpi+ → p pi− pi+ is not sufficient, then for extraction of
the unknown parameters in Eq. (32) one can use one-dimensional angular distributions which are
obtained by integration of (32) over two angles. In this way we obtain one-dimensional angular
distributions in cos θΛ, cos θp and φp,
WΛ(cos θΛ) =
1
2
(1 + αΛcξΛc cos θΛ) , (39)
Wp(cos θp) =
1
2
(1 + αΛcαΛ cos θp) , (40)
Wφ(φp) =
1
2pi
(
1 +
pi2
4
αΛξΛc (γΛc cosφp − βΛc sinφp)
)
=
1
2pi
(
1 +
pi2
4
αΛ
(
1− α2Λc
)1/2
ξΛc cos (φp + ΦΛc)
)
. (41)
The product αΛcξΛc can be found from the distribution in Eq. (39) by measuring the forward-
backward asymmetry of Λ baryon in the rest frame of Λ+c
A
(Λ)
FB =
FΛ −BΛ
FΛ +BΛ
=
1
2
αΛcξΛc , (42)
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where
FΛ ≡
∫ 1
0
WΛ(cos θΛ) d cos θΛ, BΛ ≡
∫ 0
−1
WΛ(cos θΛ) d cos θΛ. (43)
The study of the distribution in Eq. (40) in the rest frame of baryon Λ, with a known value of αΛ,
will allow one to measure the parameter αΛc . Indeed,
A
(p)
FB =
Fp −Bp
Fp +Bp
=
1
2
αΛcαΛ, (44)
where
Fp ≡
∫ 1
0
Wp(cos θp) d cos θp, Bp ≡
∫ 0
−1
Wp(cos θp) d cos θp. (45)
As a result we can find the magnitude of Λ+c polarisation
ξΛc = αΛ
A
(Λ)
FB
A
(p)
FB
. (46)
In order to find the remaining parameters βΛc and γΛc one can apply the angular distribution
Eq. (41) in the azimuthal angle φp in the rest frame of Λ. For example, by measuring the following
asymmetries:
A1 ≡
( pi/2∫
0
dφp −
3pi/2∫
pi/2
dφp +
2pi∫
3pi/2
dφp
)
Wφ(φp) =
pi
2
αΛξΛcγΛc , (47)
A2 ≡
( pi∫
0
dφp −
2pi∫
pi
dφp
)
Wφ(φp) = −pi
2
αΛξΛcβΛc . (48)
Then it follows from Eqs. (47) and (48) that
A2
A1
= −βΛc
γΛc
= − tan ΦΛc . (49)
Therefore by studying one-dimensional angular distributions, the information on the Λ+c polarisa-
tion and parameters of the decay Λ+c → Λpi+ can be obtained.
Another way of measuring the Λ+c polarisation in the decay Λ
+
c → Λpi+ is based on relation
between polarisations of Λ+c and Λ (see, e.g., [55]):
~ξΛ =
(αΛc + ~nΛ · ~ξΛc)~nΛ + βΛc [~ξΛc × ~nΛ] + γΛc [~nΛ × [~ξΛc × ~nΛ]]
1 + αΛc~nΛ · ~ξΛc
, (50)
where ~nΛ is a unit vector in the direction of the Λ hyperon, ~ξΛc is polarisation of the Λ
+
c in the
Λ+c rest frame.
~ξΛ is the polarisation of the Λ hyperon in the Λ rest frame obtained by a Lorentz
transformation along ~nΛ from the Λ
+
c baryon rest frame.
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Note that if time-reversal invariance is valid and final-state interactions are ignored, then the
parameter βΛc = 0.
The spin direction of Λ baryon could be determined by measuring the proton-decay asymmetry
in the Λ rest frame through the relation
1
N
dN
dΩ
=
1
4pi
(
1 + αΛ~ξΛ · ~ˆp
)
, (51)
where ~ˆp is a unit vector along the daughter-proton direction and ~ξΛ is given by Eq.(50). If pa-
rameters αΛc , βΛc , and γΛc are known, by projection of Eq. (50) on three orthogonal axes, one
can find the components of the polarisation vector of ~ξΛc for each event. Thus, in this way all the
information about polarisation Λ+c can be obtained from the decay of Λ baryon, without the need
to refer to asymmetries or distributions in the rest frame of the Λ+c . Note that methods based on
relation between polarisation of parent baryon and daughter baryon have been applied in studies
of hyperon decays (see, e.g., Refs. [57, 58]).
Then using the very well measured value of αΛ = 0.642± 0.013 [55] we could achieve to obtain
αΛc and ξΛc separately, for example, using Eqs. (42) and (44). So far αΛc is measured with less
precision, αΛc = −0.91 ± 0.15 [55]. Measuring αΛc and ξΛc with much higher statistics data of
LHCb will be very interesting in the future. In particular, in view of results of Λb polarisation
measurement at LHCb [59], ξb = 0.06 ± 0.07 ± 0.02, αb = 0.05 ± 0.17 ± 0.07, and at CMS [60],
ξb = 0.00 ± 0.06 ± 0.06, αb = 0.14 ± 0.14 ± 0.10, which show that Λb is little polarised, it is most
important to measure the Λc polarisation. In the case of Λc, the large value of αΛc would help to
measure both αΛc and ξΛc at a much higher precision.
B. The case of Λc → pK pi
The use of the Λc → pK pi decays is also interesting because of its largest branch-
ing fraction, 6.23 ± 0.33 %. E791 experiment [43] studied three main intermediate states:
Λc → [K∗(890) p, ∆++(1232)K, Λ(1520)pi] → pK pi. In this analysis, the Λc → [K∗(890) p
(∆++(1232)K, Λ(1520)pi] → pK pi decay is parametrized by 4 (2) complex helicity amplitudes.
Those are given as 8 (4) real parameters (E1∼4, φE1∼4) for K∗(890) p channel, (F1∼2, φF1∼2) for
∆++(1232)K channel and (H1∼2, φH1∼2) for Λ(1520)pi channel. Furthermore, the continuum back-
ground is modeled by the S-wave amplitude which introduce another 8 real parameters. Including
the polarisation parameter ξΛc (denoted as P in the paper [43]), a total of 25 parameters are fitted
by using the full angular and Dalitz variables.
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From the amplitude parameters, we can also obtain α for each resonance
αK∗p = 0.66± 0.28, α∆++K = −0.67± 0.30, αΛ(1520)pi = −0.11± 0.60. (52)
Note that we find a different value for αK∗p with respect to [49]. The higher values of αK∗p and
α∆++K make the use of these channels interesting for polarisation studies, though the error is still
too large to be able to conclude.
It would be interesting to repeat this analysis at LHCb, which has much higher rate of the
Λ+c production. The crucial point of this measurement lies on the value of the polarisation of Λ
+
c
produced at LHCb.
VI. CONCLUSIONS
Recently a new experiment for measuring the magnetic moment of the Λc baryon using a bent
crystal is proposed [36, 49]. Although the magnetic moment of charm quark is a fundamental
property, which enters to various QCD computation, it has never been determined precisely. This
experimental proposal can provide us its very first measurement.
The theoretical predictions of the magnetic moment of charmed baryons suffer from the hadronic
uncertainties. On the other hand, in the quark model, the Λc magnetic moment is equal to the
charm quark magnetic moment and this can remain correct by including the light degree of freedom,
due to the spin structure of the light degree of freedom. This makes Λc to be the most simple
object to study the charm magnetic moment, up to the charm quark mass uncertainty.
We have introduced relations among magnetic moments of different charmed baryons, which
could cancel the charm quark mass ambiguity. We have also related the Λc magnetic moment to the
charm quark magnetic moment measurement by the radiative quarkonium decays, using angular
distribution of successive ψ(2S) → χcJγ → J/ψγ decays, which were performed by the CLEO
and the BESIII collaborations. Interestingly, we observe a slight tension: the obtained value is
higher than most of the theoretical predictions of the Λc magnetic moment. Further improvement
of quarkonium radiative decay is very important.
It has been shown that when measuring the g-factor of Λc directly, i.e. through spin precession,
the knowledge of weak decay parameter α and initial polarisation ξ could reduce the data taking
time needed to reach the error of ∆g = 0.1. The α parameter can be pre-measured in another
experiment which has the same experimental setting (i.e. pt and ξ), e.g. by SMOG experiment,
though the statistics are limited. Alternatively, we may use the very high statistic data of LHCb
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to extract separately α and ξ values and we can extrapolate the ξ to the required pt range by
using theory. The error on g-factor at a few percents could be reached after reconstructing 104
decays of deflected Λc baryons, and in this case it is more efficient to measure g-factor and α ξ
simultaneously.
We estimated the error on g-factor using these two approaches and compared the measurement
efficiencies at two places: at LHCb detector and at momentum cleaning area of LHC (IR3), pro-
posed in [41]. The latter case requires building a new dedicated detector but it would need about
7.5 times less data taking time in order to reach the same precision.
We found a special orientation of the crystal that gives the opportunity to measure the Λc di-
mensionless electric dipole moment almost with the same precision as its g-factor. Our calculations
show that this method is about 40 times more efficient in terms of data taking time with respect
to the one proposed in [40].
The estimated error on g-factor after 10 years of data taking using the setup of 40 mm tungsten
target and germanium crystal at LHCb and IR3 is ∆g = 0.100 and ∆g = 0.037, respectively. With
a slight adjustment of the crystal orientation (rotating the crystal by a few milliradians) the Λc
EDM could be measured with an error ∆d = 2.6× 10−16e cm at LHCb and ∆d = 1.0× 10−16e cm
at IR3.
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Appendix A: Quark model relations
In this Appendix we summarise expressions for the magnetic dipole moments (MDM) of the
single and double charmed baryons in non-relativistic constituent quark model. Only baryons with
JP = 12
+
are considered here. Some properties of these baryons are shown in Table IV. For a
review of the charm baryons see Ref. [56].
In the 2nd column of Table IV the flavour wave functions of baryons are shown. To construct
spin-flavour wave functions of the baryons with total spin J = 12 and its projection Jz = +
1
2 the
30
TABLE IV: Properties of the single and double charmed baryons. The antisymmetric and symmetric in
flavour functions are defined as [q1 q2] ≡ 1√2 (q1q2 − q2q1) and {q1 q2} ≡ 1√2 (q1q2 + q2q1), respectively. The
production cross section of baryon at the LHC fixed-target mode (
√
s ≈ 110 GeV) and in collider conditions
(
√
s = 13 TeV) – results of Pythia simulation.
Baryon Flavor SU(3)f I Iz Charm Mass (MeV) Cross section (µbarn) Life-length
content [55] fixed target collider or decay width
Λ+c [ud]c 3¯ 0 0 1 2286.5± 0.1 10.13 758.1 60.0± 1.2µm
Ξ+c [us]c 3¯
1
2 +
1
2 1 2467.9± 0.2 0.588 65.5 132.5± 7.8µm
Ξ0c [ds]c 3¯
1
2 − 12 1 2470.9± 0.3 0.510 65.6 33.6± 3.6µm
Σ++c uuc 6 1 +1 1 2454.0± 0.1 0.863 42.0 1.9± 0.1 MeV
Σ+c {ud}c 6 1 0 1 2452.9± 0.4 0.697 42.2 < 4.6 MeV
Σ0c ddc 6 1 −1 1 2453.8± 0.1 0.461 41.6 1.8± 0.1 MeV
Ξ′+c {us}c 6 12 + 12 1 2578.4± 0.5 0.083 6.3 –
Ξ′0c {ds}c 6 12 − 12 1 2579.2± 0.5 0.072 6.6 –
Ω0c ssc 6 0 0 1 2695.2± 1.7 0.028 3.0 80.3± 10µm
Ξ++cc ccu 3
1
2 +
1
2 2 3621.4± 0.8 < 10−4 ∼ 10−3 76.7± 10µm
Ξ+cc ccd 3
1
2 − 12 2 3518.9± 0.9 < 10−4 < 10−3 –
Ω+cc ccs 3 0 0 2 – < 10
−4 ∼ 10−3 –
flavour functions are to be combined with either antisymmetric spin function
ψasym =
1√
2
( ↑↓↑ − ↓↑↑ ), (53)
or symmetric one
ψsym =
1√
6
[ 2 ↑↑↓ −(↓↑ + ↑↓) ↑ ], (54)
with respect to interchange of particles 1 and 2.
The magnetic dipole moment of baryon B is calculated from the definition
µB = 〈B; 12 ,+12 |µ1σ1z + µ2σ2z + µ3σ3z |B; 12 ,+12〉, (55)
where µi =
gi
2
eQi
2mi
is the magnetic moment of the i-th quark.
Below we list wave functions of the baryons from SU(3)f anti-triplet from Table IV:
|Λ+c ; 12 ,+12〉 =
1
2
(u↑d↓c↑ − u↓d↑c↑ − d↑u↓c↑ + d↓u↑c↑), (56)
|Ξ+c ; 12 ,+12〉 =
1
2
(u↑s↓c↑ − u↓s↑c↑ − s↑u↓c↑ + s↓u↑c↑), (57)
|Ξ0c ; 12 ,+12〉 =
1
2
(d↑s↓c↑ − d↓s↑c↑ − s↑d↓c↑ + s↓d↑c↑). (58)
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Wave functions for the SU(3)f sextet read
|Σ++c ; 12 ,+12〉 =
1√
6
(2u↑u↑c↓ − u↑u↓c↑ − u↓u↑c↑), (59)
|Σ+c ; 12 ,+12〉 =
1
2
√
3
(2u↑d↑c↓ + 2d↑u↑c↓ − u↑d↓c↑ − d↑u↓c↑ − u↓d↑c↑ − d↓u↑c↑), (60)
|Σ0c ; 12 ,+12〉 =
1√
6
(2d↑d↑c↓ − d↑d↓c↑ − d↓d↑c↑), (61)
and
|Ξ′+c ; 12 ,+12〉 =
1
2
√
3
(2u↑s↑c↓ + 2s↑u↑c↓ − u↑s↓c↑ − s↑u↓c↑ − u↓s↑c↑ − s↓u↑c↑), (62)
|Ξ′0c ; 12 ,+12〉 =
1
2
√
3
(2d↑s↑c↓ + 2s↑d↑c↓ − d↑s↓c↑ − s↑d↓c↑ − d↓s↑c↑ − s↓d↑c↑), (63)
|Ω0c ; 12 ,+12〉 =
1√
6
(2s↑s↑c↓ − s↑s↓c↑ − s↓s↑c↑). (64)
Finally, the double-charmed baryons from SU(3)f triplet have wave functions
|Ξ++cc ; 12 ,+12〉 =
1√
6
(2c↑c↑u↓ − c↑c↓u↑ − c↓c↑u↑), (65)
|Ξ+cc; 12 ,+12〉 =
1√
6
(2c↑c↑d↓ − c↑c↓d↑ − c↓c↑d↑), (66)
|Ω+cc; 12 ,+12〉 =
1√
6
(2c↑c↑s↓ − c↑c↓s↑ − c↓c↑s↑). (67)
These wave functions are normalized to unity.
The magnetic moments of the charmed baryons are shown in Table V.
Important modification included in Table V is the effect of mixing which was first addressed
in [7] and studied in detail in Refs. [19, 61]. The mixing appears between the states Ξ+c and Ξ
′+
c ,
and between the states Ξ0c and Ξ
′0
c . According to [19], the mixing is of little importance for the
neutral baryons Ξ0c and Ξ
′0
c , while it is essential for the charged ones Ξ
+
c and Ξ
′+
c . This is related
to different magnitude of the transition operators in Table V, namely 1√
3
|µs − µu|  1√3 |µs − µd|.
The transition magnetic moments between Ξ+c and Ξ
′+
c , and between Ξ
0
c and Ξ
′0
c are
µΞ′+c →Ξ+c =
1√
3
(µs − µu) cos 2θ+ + 1
3
(µu + µs − µc) sin 2θ+, (68)
, µΞ′0c →Ξ0c =
1√
3
(µs − µd) cos 2θ0 + 1
3
(µd + µs − µc) sin 2θ0, (69)
and one also finds that |µΞ′+c →Ξ+c |  |µΞ′0c →Ξ0c |. The mixing for the baryons Ξ+c and Ξ′+c may
complicate interpretation of Ξ+c MDM as being entirely due to the charm quark.
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TABLE V: MDM of charmed baryons in terms of MDM of constituent quarks. In the 3d column θ+ is
mixing angle for Ξ+c and Ξ
′+
c , and θ0 is mixing angle for Ξ
0
c and Ξ
′0
c , and ‘n.m.’ stands for ‘not modified’.
Baryon MDM MDM with mixing
Λ+c µc n.m.
Ξ+c µc µc cos
2 θ+ +
1
3 (2µu + 2µs − µc) sin2 θ+ + 1√3 (µs − µu) sin 2θ+
Ξ0c µc µc cos
2 θ0 +
1
3 (2µd + 2µs − µc) sin2 θ0 + 1√3 (µs − µd) sin 2θ0
Σ++c
1
3 (4µu − µc) n.m.
Σ+c
1
3 (2µu + 2µd − µc) n.m.
Σ0c
1
3 (4µd − µc) n.m.
Ξ′+c
1
3 (2µu + 2µs − µc) µc sin2 θ+ + 13 (2µu + 2µs − µc) cos2 θ+ − 1√3 (µs − µu) sin 2θ+
Ξ′0c
1
3 (2µd + 2µs − µc) µc sin2 θ0 + 13 (2µd + 2µs − µc) cos2 θ0 − 1√3 (µs − µd) sin 2θ0
Ω0c
1
3 (4µs − µc) n.m.
Ξ++cc
1
3 (4µc − µu) n.m.
Ξ+cc
1
3 (4µc − µd) n.m.
Ω+cc
1
3 (4µc − µs) n.m.
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